Background & Aims-No treatment for nonalcoholic fatty liver disease (NAFLD) has been approved by regulatory agencies. We performed a randomized controlled trial to determine whether 52 weeks of cysteamine bitartrate delayed release (CBDR) reduces the severity of liver disease in children with NAFLD.
INTRODUCTION
An estimated 7 million children in the United States have nonalcoholic fatty liver disease (NAFLD) which is now the most common cause of chronic liver disease in the pediatric population 1 . NAFLD encompasses a broad spectrum of liver disease severity ranging from isolated steatosis to steatohepatitis (NASH) with advanced fibrosis and cirrhosis 2 . In children, NAFLD is also associated with cardiovascular, metabolic, pulmonary, and psychological disorders [3] [4] [5] [6] [7] [8] . There are no approved pharmacological therapies for NAFLD in children.
Oxidative stress and lipid peroxidation may contribute to the pathogenesis of NASH 9 . Glutathione is a major intracellular antioxidant in the liver and its depletion has been implicated in the development of hepatocellular injury in NASH 10, 11 . Prevention of glutathione depletion may thus be an effective therapeutic strategy for NASH. Glutathione is a tripeptide (γ-glutamyl-cysteinyl-glycine) which is not absorbed intact as an oral agent nor does it cross cell membranes. However, ensuring an adequate supply of precursor amino acids, especially cysteine, to support intracellular glutathione synthesis is a proven strategy for preventing glutathione depletion in the liver 12, 13 . Cysteamine is a small molecule (HS-CH 2 -CH 2 -NH 2 ) which is able to cross cell membranes easily and reacts with extracellular cystine to form cysteine which is then readily taken up into cells and used to support glutathione synthesis [14] [15] [16] . In an open-label pilot study, 6 months of treatment with cysteamine bitartrate improved serum alanine (ALT) and aspartate aminotransferase (AST) levels and increased adiponectin in children with NAFLD 17 .
Based upon these preliminary data, a phase 2b clinical trial, Cysteamine bitartrate delayedrelease for the treatment of Nonalcoholic fatty liver disease in Children (CyNCh), was designed to further evaluate cysteamine as a therapy for children with NAFLD. CyNCh was a multi-center, placebo-controlled randomized clinical trial of children ages 8 to 17 years with moderate to severe NAFLD. In order to take advantage of improved pharmacokinetics, we used cysteamine bitartrate formulated in microspheronized, delayed-release entericcoated, core beads. The primary objective was to evaluate whether 52 weeks of treatment with cysteamine bitartrate delayed-release (CBDR) capsules would result in improvement in liver disease severity. Because of the lack of a validated non-invasive measure for the severity of NAFLD, CyNCh was designed with liver histology as the primary outcome. Notably, CyNCh was the first clinical trial for any pediatric liver disease to use changes in liver histology as the primary outcome.
METHODS

Study Design
Children with NAFLD were enrolled at 10 Clinical Centers from June 2012 to January 2014 (see Appendix 1 for list of centers) as part of the NIH sponsored NASH Clinical Research Network (CRN). The study was approved by the Institutional Review Boards at each Clinical Center and the Data Coordinating Center (DCC). An independent Data and Safety Monitoring Board (DSMB) was appointed by the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) to monitor the study. Parents or guardians provided written consent and all children provided written assent.
Study inclusion criteria were: children ages 8-17 years at enrollment, with histologic evidence of NAFLD based on a liver biopsy obtained within 90 days of the start of screening and no more than 120 days before randomization, and a NAFLD activity score (NAS) of ≥ 4, as scored by the individual NASH CRN pathology committee member at each study site. The median (IQR) number of days between liver biopsy and randomization was 74 (51-96). Participants also lacked evidence of other liver disease based on laboratory evaluation and liver histology. They also had to demonstrate the ability to swallow CBDR capsules. Children were excluded if they had uncompensated liver disease, poorly controlled diabetes (hemoglobin A1c >9%), or a history of other conditions that made it unsafe to participate (see Appendix 2 for full list of inclusion/exclusion criteria).
Dosing, Randomization and Treatment groups
The majority of knowledge on the pharmacology and pharmacotherapy of cysteamine comes from its use in the treatment of cystinosis. Until the approval of CBDR in 2013, immediate release cysteamine was the standard therapy for the treatment of cystinosis. For the treatment of cystinosis, the dose of immediate-release cysteamine used was 50-90 mg/kg per day divided into 4 doses up to a maximum dose of 500 mg per dose 18 . The preliminary study of cysteamine for the treatment of NAFLD in children was conducted in 2009 using a new enteric-coated formulation of immediate-release cysteamine bitartrate (EC-CB) with better pharmacokinetics 17 . The dosing of EC-CB was targeted to give the highest dose that each individual child with NAFLD was able to tolerate without GI side effects. The mean dose achieved was 14 mg/kg day divided twice a day. In CyNCh, the formulation of cysteamine bitartrate used was microspheronized, delayed-release enteric-coated, core beads (CBDR). Because CBDR has a lower Cmax and a more controlled delivery pattern over time than EC-CB, the target dose for CBDR was 9-12 mg/kg per day, which was by design somewhat lower than the dose of EC-CB in a prior study 19 .
Eligible subjects were randomized in permuted blocks (of sizes 2 or 4) of treatments, stratified by Clinical Center and body weight at enrollment (≤65 kg, >65 kg to 80 kg, and >80 kg). The randomization plan was prepared and administered centrally by the DCC, and randomizations were done by Clinical Centers using a web-based application that verified eligibility and completeness of baseline data. Children were assigned in a 1:1 ratio to either CBDR (75 mg capsules) or matching placebo capsules orally in weight adjusted doses: 300 mg twice daily for ≤65 kg, 375 mg twice daily for >65-80 kg, or 450 mg twice daily for >80 kg. Treatment duration was 52 weeks. Participants started treatment at a lower dose (75 mg twice daily for ≤65 kg, 150 mg twice daily for >65-80 kg, or 225 mg twice daily for >80 kg), which escalated weekly to the full dose during the first four weeks of treatment in order to minimize gastrointestinal side effects (see Appendix 3 for details on dose escalation). In some cases, doses were stepped down to manage side effects. Site investigators, clinical coordinators and staff, pathologists, and participants were masked to treatment assignment.
Clinical Evaluation and Follow-up
Follow-up study visits were scheduled at weeks 4, 12, 24, 36, and 52, followed by an offtreatment visit at 76 weeks to assess safety and durability of response. The first subject was enrolled in June 2012. The final follow-up visit occurred in August 2015. At each visit, participants underwent a standard medical history and physical exam including height, weight, waist, and hip measurements; blood collection for laboratory analysis, including a hepatic panel, complete blood count, comprehensive metabolic panel (weeks 24, 52, and 76), fasting lipid profile (weeks 24, 52, and 76), fasting serum glucose, HbA1c, and insulin (weeks 24, 52, and 76), and banking of serum and plasma. Female participants of childbearing potential had a urine pregnancy test at each visit. Assessment of adverse events, a liver symptoms questionnaire, AUDIT alcohol questionnaire 20 , and study drug dispensing and return, including pill counts, were completed at each visit. The Pediatric Quality of Life version 4.0 21, 22 was completed at baseline as well as weeks 52 and 76. Nutritional assessment using the Nutrition Data System for Research (NDSR) was completed at baseline and 52 weeks. Liver biopsy was performed at week 52. All children received a standardized nutrition and exercise intervention consistent with the American Academy of Pediatrics 2007 Expert Committee Recommendations Regarding the Prevention, Assessment, and Treatment of Child and Adolescent Overweight and Obesity 23 . As recommended for NAFLD, lifestyle advice was provided at each study visit 24 .
Liver Histology
The methods for histologic scoring of the liver tissue have been described by Kleiner, et al. 25 Briefly, in order to standardize the assessment of liver histology used for the clinical trial outcome, we used a centralized liver pathology reading by the NASH CRN Pathology Committee. Hematoxylin and Eosin (H&E) and Masson's trichrome stains were prepared from formalin-fixed tissue specimens using a central laboratory, and consensus scoring of each feature of NAFLD occurred in-person using a multi-head microscope. The NASH CRN Pathology Committee was masked as to which NASH CRN study the slides were from, whether they were from baseline vs. end of treatment, and the treatment group. The NAS for study entry was determined by a NASH CRN Pathology Committee pathologist at each Clinical Center who reviewed clinically available liver slides from the hospital at which the individual child received their care. Histologic eligibility criteria were based on the NASH CRN pathologists' scoring of locally prepared tissue sections, but all analyses regarding treatment response were based on the centrally stained and scored baseline and 52-week liver biopsies Histologic activity was assessed using the NAS on a scale of 0 to 8. The components of the NAS include grades of steatosis (0-3), lobular inflammation (0-3) and hepatocellular ballooning (0-2) 25 . Fibrosis was scored on a scale from 0-4, and portal inflammation on a scale from 0-2. Biopsies were also given a diagnosis of: not NAFLD; NAFLD, but not steatohepatitis; borderline steatohepatitis with Zone 3 pattern, borderline steatohepatitis with Zone 1 pattern; or definite steatohepatitis 26 .
Primary Outcome
The primary outcome was the proportion of children with histologic improvement in NAFLD between the baseline liver biopsy and follow-up biopsy after 52 weeks of treatment, where improvement was defined as: (1) decrease in NAS of 2 points or more and (2) no worsening of fibrosis. No worsening of fibrosis was defined as either no change or any decrease in stage.
Secondary Outcomes
Pre-specified secondary histologic outcomes included the change in score (52 weeksbaseline) in the following features: steatosis, lobular inflammation, hepatocyte ballooning, portal inflammation, and fibrosis; as well as the aggregate outcomes of NAS and resolution of NASH. We also analyzed pre-specified secondary histologic outcomes as improvement in individual features defined as any numerical decrease in the grade, stage, or score. Laboratory secondary outcomes included change in aminotransferases (ALT and AST) and insulin sensitivity (52 weeks -baseline), and change over time in mean ALT and AST. Other secondary outcomes included change in anthropometric measures (weight, BMI, BMI zscore, and waist circumference), and changes in Pediatric Quality of Life. Change in weight status was defined by change in BMI z-score from baseline to week 52 as follows: 1) improved = a decrease of > 0.1; 2) stable = −0.1 to +0.1; 3) worsened = an increase of > 0.1. 27-29
Statistical Analysis
The primary intention-to-treat (ITT) analysis compared the proportion of children with histologic improvement between the baseline and end-of-treatment liver biopsies in the CBDR and placebo groups. Participants who did not have an end-of-treatment liver biopsy were considered as non-responders for the purpose of the primary outcome. The primary outcome and binary secondary outcomes are presented as relative risks, derived from the Cochran-Mantel-Haenszel test for binary outcomes stratified by clinical center and weight group. Improvement in individual histological features was based on ITT, where missing biopsies were imputed as a lack of improvement. Continuous secondary outcomes were based on complete case analysis (missing biopsies were excluded), and were analyzed using ANCOVA models relating change in the continuous outcome from baseline to 52 weeks to treatment group and to the baseline value of the outcome. The differences in distributions of adverse events, categorized by body system, were assessed for CBDR vs. placebo using Fisher's exact tests.
In addition to the primary intention-to-treat analysis, pre-specified sensitivity analyses related to the primary outcome were conducted, including (1) complete case analysis, where missing biopsies were excluded from the analysis; (2) analysis of children who were adherent to their target dose; (3) multiple imputation for missing biopsies, where the imputation model included a treatment group indicator, baseline NAS, baseline fibrosis stage, clinic, weight stratum, age, and sex; (4) best case scenario, where missing biopsies were imputed as improved for children assigned to CBDR and not improved for children assigned to placebo; (5) worst case scenario, where missing biopsies were imputed as improved for children assigned to placebo and not improved for children assigned to CBDR.
Based upon past trial data, we projected a histological improvement rate of 25% in the placebo group and we considered a 2-fold increase (50% improved) in the rate of histological improvement in the CBDR group as the minimum clinically meaningful effect. The resulting trial sample size was 160 children to be assigned randomly with equal probability to the two treatment groups and assuming: a Type 1 error of 0.05, power of 90%, and 10% lost to follow-up in each group. Losses to follow-up were imputed as not improved in both the intention-to-treat analyses and in the sample size calculations. There were no planned subgroup analyses specified in the protocol; however, post-hoc subgroup analyses were done to explore whether or not the efficacy of CBDR varied across subgroups of patients. Logistic regression models were used for the post-hoc analyses and included terms for treatment group, subgroup, and the treatment group by subgroup interaction term. The trial had no interim analyses for efficacy; however, performance and safety data were reviewed quarterly by the DSMB. Nominal, two-sided p-values<0.05 were considered statistically significant (p<0.01 required for significance of post-hoc subgroup effects); no adjustments for multiple comparisons were made. Statistical analyses were done with SAS version 9.4 (SAS Institute, Cary, NC) and Stata release 13 (StataCorp, College Station, TX).
Role of Funding Sources
The NASH CRN is funded by the NIDDK as a cooperative agreement. The CyNCh trial was funded as a part of the NASH CRN with partial funding provided via a Collaborative Research and Development Agreement with Raptor Pharmaceuticals, who also provided CBDR and matching placebo capsules. The CyNCh trial protocol was written by a subcommittee and approved by the Steering Committee of the NASH CRN (Appendix 4). The CyNCh trial was conducted under an Investigational New Drug application (IND # 114,924) held by the NIDDK and was registered with ClinicalTrials.gov, NCT01529268. Data analyses were reviewed by the study investigators and the DSMB. The manuscript was written by a subcommittee and approved by the members of the Steering Committee, who assume responsibility for the conduct of the trial and integrity of the data, the overall content of the manuscript, and the decision to submit it for publication. All authors had access to the study data and reviewed and approved the final manuscript. Raptor Pharmaceuticals provided comments on the study protocol and manuscript for consideration, but were not involved in study design, data analyses and interpretation, or writing and submission of the manuscript.
RESULTS
Study Participants
A total of 230 children with suspected NAFLD were screened and 169 randomized into the CyNCh trial ( Figure 1 ). The most common reason for ineligibility was not meeting the histologic inclusion criteria (70%, 43/61). Of the total, 88 children were assigned to receive CBDR and 81 to receive placebo. The baseline demographic, clinical, and laboratory characteristics of the two groups are shown in Table 1 . The mean age was 13.7 ± 2.7 years, 70% of participants were male, and 73% were Hispanic. The median (interquartile range) ALT was 87 (62-151) U/L and AST was 52 (39-79) U/L. There were no significant differences between groups, except the proportion of children with diabetes, which was lower in the CBDR group compared to placebo (1% vs. 9%, p=0.03). The overall mean NAS was 4.7 and ranged from 2 to 8. Central review of baseline liver histology indicated that 136 of the 169 participants (80%) had a NAFLD activity score ≥ 4 at study entry. Advanced fibrosis was present in 18% of participants. The liver histology features and severity were similar between treatment groups; however, lobular inflammation was slightly greater in the CBDR group compared to the placebo group (mean score of 1.8 vs. 1.6, p=0.02).
Follow-up and Adherence
All children initiated their assigned treatment. Overall, participants took 69±26% of the prescribed study medication. Notably, adherence to study drug was significantly lower in the CBDR group than in the placebo group (63±29% vs 76±22%, p = 0.002). In the CBDR group, 14% (12/88) of children discontinued participation prior to week 52, compared to 4% (3/81) in the placebo group (p=0.03). When restricted to those children who completed the study, there was still significantly lower adherence to study drug in the CBDR group than in the placebo group (70±23% vs 78±20%, p =0.02). Follow-up liver biopsies were obtained in 81% (71/88) of children taking CBDR and 93% (75/81) of children taking placebo (p=0.03). Liver biopsy complications were uncommon, generally mild in severity and self-limited in course. There were no cases of clinically apparent bleeding or infection. Pain was reported in five of 146 (3%) children following the end-of-treatment liver biopsy. In four children, the post-biopsy pain resolved within 24 hours. The remaining child was hospitalized after liver biopsy for pain that resolved with supportive care.
Primary Outcome
There was no statistically significant difference between the CBDR group and the placebo group in the proportion of children who met the primary outcome of 52-week histologic improvement, defined as a decrease in NAS of 2 points or more and no worsening of fibrosis; 28% (25/88) of children assigned to CBDR and 22% (18/81) of children assigned to placebo improved (relative risk =1.3, 95% CI 0.8 -2.1, p=0.34) ( Table 2 ). For children who had complete follow-up including liver histology at week 52, the primary outcome was achieved in 35% (25/71) in the CBDR group versus 24% (18/75) in the placebo group (RR =1.4, 95% CI 0.9 -2.4, p = 0.16).
Secondary Outcomes
Weight increased over the course of 52 weeks. The mean weight gain was 7.1 kg with no significant difference between treatment groups (p=0.25). Overall for participants in CyNCh, BMI z-score was stable in 49%, decreased/improved in 29%, and increased/worsened in 23%. There was no significant difference in the change in glucose, lipids, or blood pressure by treatment group. Table 3 , serum liver chemistry values improved significantly with CBDR treatment. Most notably the mean± standard deviation change in ALT from baseline in the CBDR group was −53 ±88 U/L, compared to −8 ±77 U/L in the placebo group (p=0.02) (Table 3) . Similarly, the mean change in AST from baseline was −31±52 U/L in the CBDR group compared to −4±36 U/L in the placebo group (p=0.008). In addition the change in GGT was significantly greater with CBDR compared to placebo (-10±23 U/L vs −1±16 U/L; p=0.02). The changes in liver enzyme values occurred within 4 to 12 weeks of starting therapy and remained stable throughout the treatment period ( Figure 2 ). The between group differences at 24 weeks post-treatment were smaller and not significant (Supplemental Table  3 ).
As shown in
The changes in the individual histologic features by treatment group are shown in Table 2 . Steatosis was present in all children at baseline. There was no significant difference in improvement in steatosis by treatment group. Lobular inflammation was also present in all children. There was a significant difference in improvement in lobular inflammation by treatment group (CBDR 36% 32/88 vs placebo 21% 17/81; RR 1.8 (1.1, 2.9), p=0.03). Ballooning was present in less than half of children at baseline (47% 41/88 in the CBDR group and 42% 34/81 in the placebo group). There was not a significant difference in improvement in ballooning between treatment groups. At baseline, portal inflammation was present in 90% (79/88) of children in the CBDR group and 91% (74/81) of children in the placebo group. There was not a significant difference in the degree of change in portal inflammation between treatment groups. Fibrosis was present at baseline in 73% (64/88) of children in the CBDR group and 69% (56/81) of the placebo group. There was not a significant difference in improvement in fibrosis by treatment group.
Subgroup Analyses
Because age, sex, and weight have repeatedly been shown to influence prevalence and severity of NAFLD in children, these were each examined in subgroup analyses 9 . When children were dichotomized as < 13 years at baseline or ≥ 13 years, the overall significance for a treatment by age interaction was p = 0.05. For children < 13 years, there was histologic improvement in 43% (16/37) of children receiving CBDR versus 21% (8/39) of children receiving placebo (RR 2.3; 95% CI 1.0-5.2; p=0.04). In contrast, there was no significant difference in response in children ≥ 13 years (RR 0.9; 95% CI 0.4-2.1; p=0.86). In addition, there was no significant difference in histologic response by sex (interaction p = 0.58) (Supplementary Table 2 ). In contrast, there was a significant difference in response by weight categories (interaction p=0.01) ( Table 4 ). Among children with baseline weight ≤ 65 kg, there was histologic improvement in 50% receiving CBDR, compared to 13% receiving placebo (RR 4.0, 95%CI 1.3-12.3, p=0.005). There was no difference in histologic improvement for children who weighed more than 65 kg at baseline which was 20% of children receiving CBDR versus 26% receiving placebo (RR 0.8, 95% CI 0.4 -1.4, p=0.39). Although the prescribed number of 75 mg capsules twice per day increased for the 3 weight strata (<=65 kg, >65-80 kg, >80 kg) from 4 to 6, children with baseline weight <=65 kg received a significantly (p <0.0001) higher dose of study drug on a milligram per kilogram body weight basis (11.3 ± 1.6 mg/kg; range 9.2-15.9 mg/kg) than children with baseline weight >65 kg (9.3 ± 1.4 mg/kg; range 6.0-11.6 mg/kg) ( Supplementary Figure 1) . Furthermore, the RR for histologic improvement significantly (interaction p=0.01) increased with increasing dose (mg/kg), with an RR=3.2 (95% CI 0.8 -12.2, p=0.07) for children in the highest quartile of dose (Supplementary Table 2 ).
Adverse Events
Serious adverse events were uncommon and did not differ by treatment group; CBDR, n = 5/88, 6%; and placebo, n = 4/81, 5%; p = 1.0 ( Table 5 ). Total adverse events were common overall during the 52 weeks of treatment and were not different by treatment group; 70% of children in the CBDR group and 67% of children in the placebo group reported at least 1 adverse event. Among those children who reported an adverse event, there was an average of 3 adverse events per person. There were also no significant differences between treatment groups with respect to adverse events by body system. For example, the most common body system for adverse events was gastrointestinal. There were 34 children (39%) in the CBDR group who experienced a total of 48 gastrointestinal events compared to 33 children (41%) in the placebo group who reported a total of 52 gastrointestinal events (p=0.88). During the one year of treatment, there were 9 children (9/169 = 5%) who had new symptoms of anxiety and/or depression that warranted referral for evaluation and treatment. However, no single symptom or adverse event was significantly more frequent in the CBDR group than the placebo group.
DISCUSSION
We performed a large, multi-center randomized controlled clinical trial of cysteamine bitartrate delayed release as a treatment for NAFLD in children with liver histology as a primary endpoint. Treatment with CBDR for 52 weeks was safe, but did not improve liver histology as assessed by the composite NAS in children with NAFLD compared to placebo. Of the NAS components, there was a significantly greater improvement with CBDR for lobular inflammation but not steatosis or hepatocyte ballooning. There was however, a rapid, marked, and sustained improvement in serum aminotransferase levels in children given CBDR compared to placebo.
CyNCh was the first clinical trial in children with NAFLD specifically designed to assess changes in liver histology as the primary outcome. CyNCh was designed with an efficacy target such that ≥ 50% of children taking CBDR would have needed to have a decrease in NAS ≥ 2 points in order for the study to have shown a significant difference compared to placebo. One question raised is how large an effect size should be expected for a medication to treat NAFLD in children. Over 96 weeks in the Treatment of NAFLD in Children (TONIC) study, using the same measure of decrease in NAS of ≥ 2 points and no worsening of fibrosis as done in CyNCh, there was histologic improvement in 42% (24/57) of children taking metformin, 34% (20/58) of children taking vitamin E, and 21% (12/58) of children taking placebo 30 . At this point in time, it is unknown how to extrapolate the effect of any given medication taken for 1 year versus 2 years. However, it is notable that the rate of response in the placebo groups was similar. Moreover, the efficacy target although ambitious was reasonable based upon the available evidence.
There were factors regarding liver histology at baseline and at end of treatment which may have influenced the primary outcome. Because of differences in individual Pathology Committee member versus central pathology assessment by the committee, 20% of children enrolled in CyNCh had a baseline NAS of 2 or 3. Moreover, study results may have been influenced by the lower biopsy rate at the end of treatment in the CBDR group. We predicted Schwimmer 
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Author Manuscript that at least 90% of children in CyNCh would undergo a protocol liver biopsy at the end of treatment. However, that was not achieved in the CBDR group (81%). The reason for this is unclear as there were no significant differences in adverse events reported between groups. However, it is possible that some children taking CBDR experienced unreported symptoms that led to their discontinuation of medication. This would be consistent with the lower rate of overall adherence with medication in the CBDR group. Alternatively, there may have been unmeasured or random factors responsible for the differences observed. Regardless of the actual reason(s), the differences in adherence and completion had the potential to adversely influence the study results. A sensitivity analysis was performed that used multiple imputation assuming missing biopsies were missing at random and there was a higher relative improvement ratio for CBDR of 1.5, but this was still not significant.
Interestingly, treatment with CBDR was associated with substantial improvement in serum aminotransferase activity. The changes observed over 52 weeks were similar to those seen in a prior 6 month pilot study 17 . Remarkably, the rate of change in ALT in CyNCh was rapid, such that most of the improvement in ALT was seen by 4 weeks. The clinical relevance of improvement in ALT in NASH treatment trials has been controversial. The only prior study with longitudinal data for both ALT and liver histology in children was TONIC 30 . Notably, in TONIC, the change in ALT had an AUROC of 0.79 for predicting histologic improvement in children over 96 weeks 31 . In addition, with every 10 U/L decrease in ALT levels over 96 weeks, children in TONIC had 28% greater odds of histologic improvement. Of additional importance, in CyNCh, there were also significant improvements in AST and GGT associated with CBDR treatment. However, relying on these changes in serum aminotransferase levels as a surrogate for histological improvement would have led to a different conclusion regarding the effect of CBDR on NAFLD in children. Thus, additional analyses will be required to better understand the relationships between changes in liver histology and changes in serum aminotransferase activity in children with NAFLD.
NAFLD is a heterogeneous disorder with at least 3 histologic patterns observed in children: those with steatosis and relatively mild features overall, those with histologic alterations that are predominantly focused in zone 1, and those with histologic features that are predominantly focused in zone 3 as is more typical in adults with NAFLD 2 . These differences in histology are in part related to age and sex, with major histologic differences noted for school age children versus adolescents, and for boys versus girls. Therefore, we performed post-hoc subgroup analyses based upon age and sex. We also evaluated response by weight groups, as these were used for randomization and determination of dose. In these analyses, we observed that there was evidence for treatment group differences in histologic improvement associated with CBDR for children < 13 years of age and for children who were ≤ 65 kg at baseline.
Evaluating response by age subgroups is commonly recommended for pediatric studies, especially those with a large age range such as we had in CyNCh 32 . Younger children have biological differences compared to adolescents including that they are more likely to be prepubertal or in early stages of puberty, and they tend to have fewer co-morbidities. With respect to NAFLD, they may also have had disease for a shorter duration of time. In addition, there are psychosocial and developmental differences that may influence clinical trial results by age. For example, younger children may be more adherent to medication due in part to greater parental control and participation. It is also biologically plausible that weight is a relevant factor for the response to treatment in pediatric NAFLD. Obesity is one of the most important risk factors for NAFLD in children 33 . However, there is a very large range in weight, BMI, and BMI z-scores in those children with NAFLD, from those who are mildly overweight to those who are severely obese 4 . Children in the highest weight group, who comprised 58% of the participants, were asked to take 50% more pills per day than children in the lowest weight group. Thus, adherence may have been one confounding factor. Secondly, despite taking more pills per day, children who weighed > 65 kg at baseline received a lower relative dose on a mg/kg basis and thus may have been under-dosed. Moreover, greater severity of obesity is also associated with additional co-morbidities than may make it harder to treat NAFLD in these children 8, 34, 35 . Because lighter-weight children are also more likely to be in the younger age group it is difficult to separate these issues from one another. Clinical trials have the potential to uncover important disease subphenotypes; different subgroup responses may represent different underlying pathophysiology. However, to make best use of such information will require targeted studies designed to address such differences. A medication that is effective only in a subset of patients may be a useful therapy if specific parameters are met: 1. that the effect in those who respond is large enough to be clinically relevant, 2. that children most likely to respond can be identified prior to treatment, and 3. that a response or non-response can be detected in a reasonable time frame. It is premature to base patient care decisions upon these subgroup analyses because there is the potential for false discovery, however they raise important questions that merit further focused research.
There were several lessons learned in CyNCh that are important to future treatment studies in pediatric NAFLD. First, children with NAFLD are a complex patient group that experience a high rate of symptoms and health events. In order to optimize their participation in clinical trials, consideration of the global needs of each individual child is required. Second, CyNCh demonstrated both the challenge and importance of assuring adherence to study medication and of obtaining complete follow-up. Third, the selection of dose and the achievement of that dose were complicated by the evolution of different formulations of cysteamine bitartrate, the wide range of body weight among participants, and the potential for substantial weight gain in this population. The target dose of 9-12 mg/kg per day was achieved for all children with baseline weight ≤ 65 kg, but it was not achieved for all children with baseline weight > 65 kg. Moreover, the mean weight gain during the treatment period was 7 kg and the dose of CBDR was not adjusted for changes in weight during the course of the study. A formal dose ranging study may be required to further address these issues. Finally, this study demonstrated that liver biopsy is an acceptable and important outcome measure for clinical trials of pediatric NAFLD as it was safe, well tolerated, and feasible. However, challenges remain in the interpretation of histologic response, especially for children with NAFLD.
In summary, 52 weeks of treatment with CBDR was safe but did not result in a significant increase in histologic improvement of the liver as assessed by the composite NAFLD Activity Score in children with NAFLD compared to placebo. In contrast, there were significant, substantial, rapid and sustained improvements in serum aminotransferase activity with CBDR treatment. Subgroup analyses suggested the potential for benefit in some children, however, these findings will need to be verified in future trials designed to address the role of age, weight, and dose. Lessons learned in CyNCh may guide these and other future clinical trials for pediatric NAFLD.
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Appendix 2. List of inclusion / exclusion criteria
Inclusion criteria
Patients must satisfy all of the following criteria to be eligible for enrollment:
• Children age 8-17 years inclusive.
• Liver biopsy within 90 days of screening visit and not more than 120 days before randomization.
• Clinical history consistent with NAFLD.
• Definite NAFLD based upon liver histology.
•
No evidence of any other liver disease by clinical history or histological evaluation
• A histological severity of NAFLD Activity Score (NAS) ≥ 4.
• Sexually active female participants of childbearing potential (i.e., not surgically sterile [defined as tubal ligation, hysterectomy, or bilateral oophorectomy) must agree to utilize the same two acceptable forms of contraception from screening through completion of the study and to complete a pregnancy test at each study visit. The acceptable forms of contraception for this study include hormonal contraceptives (oral, implant, transdermal patch, or injection) at a stable dose for at least 1 month prior to screening, and barrier (condom with spermicide, diaphragm with spermicide). Sexual activity will be ascertained at each study visit for post-menarchal females and if sexually active, subject must verify use of the same 2 acceptable forms of contraception.
• Participants must be able to swallow cysteamine bitartrate DR capsules.
• Written informed consent from parent or legal guardian.
• Written informed assent from the child
Exclusion criteria
Exclusions will not be based upon gender, race, or ethnicity. Participants with a current history of the following conditions or any other health issues that make it unsafe for them to participate in the opinion of the investigators:
• Inflammatory bowel disease (if currently active) or prior resection of small intestine 
Appendix 3. Details on dose escalation plan by weight group
Participants who met the eligibility criteria were randomly assigned to one of two groups for 52 weeks of treatment. The dose of cysteamine bitartrate DR was assigned according to their weight group at randomization. Patients ≤ 65 kg at baseline were assigned a 600 mg/day dose and instructed to take (four 75 mg capsules twice daily); patients >65 -80 kg were assigned a 750 mg/day dose and instructed to take five 75 mg capsules twice daily; and for patients >80 kg, were assigned a 900 mg/day dose and instructed to take six 75 mg capsules twice daily. 
•
Study drug dosing schedule
Participants followed a dose escalation regimen during weeks 1-4, the number of capsules taken was increased gradually to the assigned dose and remained fixed thereafter regardless of weight changes according to the following schemes:
For patients with a baseline weight of 65 kg or less:
Week 1: One 75 mg capsules orally twice a day (1 in the morning and 1 in the evening) (150 mg/day),
Week 2: Two 75 mg capsules orally twice a day (2 in the morning and 2 in the evening (300 mg /day)
Week 3: Three 75 mg capsules orally twice a day (3 in the morning and 3 in the evening) (450 mg/day) Weeks 4-52: Four 75 mg capsules orally twice a day (4 in the morning and 4 in the evening) (600 mg/day)
For patients with a baseline weight greater than 65 kg up to 80 kg:
Week 1: Two 75 mg capsules orally twice a day (2 in the morning and 2 in the evening) (300 mg /day)
Week 2: Three 75 mg capsules orally twice a day (3 in the morning and 3 in the evening) (450 mg/day)
Week 3: Four 75 mg capsules orally twice a day (4 in the morning and 4 in the evening) (600 mg/day) Weeks 4-52: Five 75 mg capsules orally twice a day (5 in the morning and 5 in the evening) (750 mg/day)
For patients with a baseline weight greater than 80 kg:
Week 1: Three 75 mg capsules orally twice a day (3 in the morning and 3 in the evening) (450 mg/day) Relative risks and p-values were calculated with the Cochran-Mantel-Haenszel chi-square test, stratified by clinic and weight group, for binary outcomes; p-values and mean changes from baseline were calculated using ANCOVA, regressing change from baseline to 52 weeks on treatment group and baseline value of the outcome, for outcome scores. † Interaction p-values calculated using logistic regression models for binary outcomes and linear regression models for continuous outcomes, regressing treatment group, binary weight group, and the treatment group by weight group interaction term on the outcome. Models for changes in scores including terms for the baseline value of the outcome. ‡
The primary outcome was histologic improvement, defined as a decrease of 2 or more points in the total nonalcoholic fatty liver disease (NAFLD) activity score (NAS) and no worsening in the fibrosis stage; 17 patients in the CBDR group and six in the placebo group had missing histological data at week 52, and the results for these patients were imputed as a lack of improvement; NAFLD activity score was assessed on a scale of 0- Derived from adverse events reported on the Adverse Event Report (AE) forms that were completed by the principal investigator. Events reports at the 76-week visit (post-treatment phase) were removed. ‡ P-values for the differences in distributions of adverse events, categorized by body system, were assessed for CBDR vs. placebo using Fisher's exact tests. § Total number of reports is the sum of the events across all body systems. Multiple body systems may be reported on each form and patients may have multiple Adverse Event Report forms. Total number of patients is the number of unique patients with one or more Adverse Event Report forms. The total is less than the sum across body system because multiple body systems may be reported on each form.
